Background--Ischemic stroke is a major cause of death and disability in the world. A major ischemic stroke subtype, large-vessel ischemic stroke (large artery atherosclerosis; LAA), has been shown to have some genetic components in individuals of European ancestry. However, it is not clear whether the genetic predisposition to LAA stroke varies among ethnicities. We sought to identify genetic factors that contribute to LAA stroke in 2 independent samples of Han Chinese individuals.
The LAA subtype, for example, has been shown to be more strongly correlated with family history than other subtypes. 8 Recent genome-wide association studies (GWASs) of LAA stroke subtypes conducted in Australian populations have reported 1 susceptibility loci in 6p21.1. 9 In addition, the International Stroke Genetics Consortium and the Wellcome Trust Case Control Consortium 2 have also identified a replicated genetic association with ischemic stroke by conducting a GWAS examining the major specific stroke subtypes. 10 Notably, based on 844 LAA stroke cases in a discovery population from 4 centers in Europe, a genetic variant at chromosome 7p21.1 (ie, HDAC9, which encodes the histone deacetylase [HDAC] 9 protein) is specifically associated with the LAA stroke subtype. 10 This association has been replicated in an independent Caucasian group. 11 However, although existing genetic data in Caucasian have demonstrated that unique genetic variants may predispose patients to a specific subtype of ischemic stroke, 9, 10 it remains unclear whether other genetic variants are associated with LAA stroke. Furthermore, it is also important to identify genetic factors by conducting a GWAS in other ethnics. Therefore, in this study, we aimed to clarify the contributions of complex genetic effects to the pathogenesis of LAA stroke by identification of novel susceptibility loci and to validate the associations between previously reported loci in different ethnic groups.
Methods Study Design and Patients
This study was approved by the Institutional Review Board and the Ethics Committee of the Institutional Review Board of Chang Gung Memorial Hospital and Academia Sinica, Taiwan. Written informed consent was obtained from the patients or their family members, in accord with institutional requirements and the principles of the Declaration of Helsinki. Individuals with LAA stroke (n=763; including the 444 patients with LAA stroke in the GWAS and the 319 patients with LAA stroke in the replication study) were consecutively recruited at different geographic medical centers, including Chang Gung Memorial Hospital Taipei Branch, Chang Gung Memorial Hospital Linkou Medical Center, Chang Gung Memorial Hospital Chiayi Branch, and Chang Gung Memorial Hospital Kaohsiung Medical Center (from the northern to southern regions of Taiwan). Patient enrollment and data management were performed in collaboration with the Translational Resource Center for Genomic Medicine of Taiwan. All of the cases were diagnosed according to TOAST criteria. 12 In addition, the cases received carotid ultrasound and transcranial color-coded Doppler to screen for large vessel disease. In those cases with suspected large vessel disease, digital subtraction, magnetic resonance, or computed tomographic angiography was performed for further confirmation. The clinical and imaging data were centralized and the classification of intracranial and extracranial LAA was identified and confirmed by Dr Tsong-Hai Lee. In the present study, we have included both intracranial atherosclerosis and extracranial atherosclerosis. Because identification of effects specific to more-refined phenotypes is critical for genetic studies of stroke, 9,10 we focused our GWAS on patients with carotid artery stenosis attributed to atherosclerotic mechanisms. 13 The controls used for our discovery and replication studies were independent groups for comparison in the GWAS study. The 1727 controls in the GWAS were randomly selected from the Taiwan Han Chinese Cell and Genome Bank in Taiwan, as reported previously. 14 The single-nucleotide polymorphism (SNP) genotyping results of another independent group of 1802 controls in the replication study were randomly selected from the publically available summary frequency of the Taiwan Biobank Website (https://taiwanview.twbiobank.org.tw/taiwanview/twbchipinfo.do).
Genotyping and Quality Control
Genomic DNA was extracted from blood using a Puregene DNA Isolation Kit (Gentra Systems, Inc., Minneapolis, MN). Each individual was genotyped using the Axiom Genome-Wide CHB (with 642 832 SNPs), which is the most comprehensive commercially available genome-wide coverage of the Han Chinese population, according to the manufacturer's protocols, at the National Center for Genome Medicine, Academia Sinica. All of the sample call rates were greater than 99%, and the mean individual sample call rate was 99.7AE0.18%. Firstdegree relatives (parent-offspring and full sibling pairs) of patients with LAA stroke disease and controls were identified by kinship analysis and were excluded from further analysis. Genotyping quality control for each SNP was further evaluated by determining the total call rate (successful call rate) and minor allele frequency (MAF) in cases and controls. SNPs were excluded from further analysis if only 1 allele was successfully genotyped in cases and controls to avoid experimental errors. The total call rate was less than 0.95, or the total MAF was less than 0.05 and the total call rate was less than 0.99. In addition, SNPs that departed significantly from Hardy-Weinberg equilibrium were excluded (P<1910 À4 ).
Statistical Analysis
We estimated the variance inflation factor for genomic control. Genome-wide association analysis was carried out to compare allele and genotype frequencies between cases and controls, using the Cochran-Armitage trend test implemented in PLINK 1.07. Heterogeneity tests (I 2 and P values of the Q statistics) between GWASs and replication groups were performed using the described methods. 15 
Validation and Replication
The top 58 SNPs (P<5910 À5 ) from the genome-wide association analysis of the 444 patients with LAA stroke and 1727 controls were further validated in 444 patients with LAA stroke, using either matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MassARRAY; Sequenom, Inc., San Diego, CA) or direct sequencing. Fortyone SNP genotypes with a successful rate of over 99% and over 99% concordance between 2 platforms were then genotyped in an additional 319 patients with LAA stroke for replication.
Results
We performed a case-control GWAS to identify loci associated with increased risk of LAA stroke in the Han Chinese population by using an Affymetrix Axiom CHB array containing 642 832 SNP probes (Affymetrix, Inc., San Diego, CA). We initially enrolled 444 patients with LAA stroke and 1727 controls in a Han Chinese population residing in Taiwan. After kinship analysis and strict quality control filtering, we analyzed 570 275 SNPs (representing 89% of array SNPs) in the discovery stage. Multidimensional scaling analysis ( Figure 1A and 1B) and results of permutation tests for identity-by-state revealed no evidence for strong population stratification between LAA and control groups. Quantilequantile (Q-Q) plots were used to examine P-value distributions ( Figure 1C ), and the lambda value is 1.07. In total, we found 58 SNPs associated with LAA (P<5910 À5 ). Forty-one SNPs were validated using either Sequenom MassARRAY or direct sequencing ( Figure 2 and Table 1 ) and subsequently replicated in an independent cohort of 319 patients with LAA and 1802 controls ( Table 2) . In a combined analysis of the discovery and replication cohorts, the P values of 8 of the identified SNPs were lower than 10 À6 (Table 3) , and 5 exceeded the threshold for genome-wide significance in the joint analysis (P<5910 À8 ; Table 3 ). We observed no strong evidence of heterogeneity between samples from the discovery and the replication study for these 5 SNPs (I 2 =0). Table 3 ).
These SNPs were located at upstream of the PTCSC3 gene ( Figure 3A ). Two SNPs (rs2415317 and rs944289) were found to be in strong linkage disequilibrium (LD; D 0 =0.971 and r 2 =0.919; Figures 3A and 4 ) and mapped to a 39.6-kb LD block (position 36 609 678-36 649 246) at 14q13.3; this block comprises the promoter, exon, and intron of PTCSC3.
Discussion
In this study, we sought to identify novel genetic variations that predisposed individuals to LAA stroke in a Han Chinese population residing in Taiwan. From 2 independent groups (Table 4) , we found 5 new SNPs within the PTCSC3 gene for LAA stroke that reached genome-wide statistical significance. These findings provide insights into the genetic basis of LAA stroke and identify a novel pathway that may be applicable for future therapeutic interventions.
In the discovery stage, we imputed 134 SNPs with P value <1910 À3 . Notably, the rs934075 and rs944258 SNPs with high P value (<1910 À5 ) were directly genotyped in our discovery sample, whereas rs934075 could be imputed with an equally high statistical value (<1910 À5 ). In addition, the SNP rs944289, located in chromosome 14q13.3, is associated with an increased risk of papillary thyroid cancer (PTC) based on a GWAS including patients with thyroid cancer in Iceland, Spain, and the United States. 16 This SNP is located in the region upstream of a long intergenic noncoding RNA (lincRNA), named PTCSC3, and functional studies have indicated that this lincRNA is involved in PTC susceptibility.
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PTCSC3 is highly expressed in the thyroid and weakly expressed in the kidney, 17 and the downregulation of PTCSC3 in thyroid tumors of PTC patients is significantly associated with the risk allele (T) in rs944289. 17 In addition, the risk allele (T) for PTC in the SNP rs944289 has also been shown to be associated with a low concentration of thyroid-stimulating hormone in the general population, 16 and a recent report also indicated that hyperthyroidism may be associated with an increased risk for ischemia stroke in young adults. 18 It raises a likelihood that PTCSC3 may affect thyroid function, and the disruption of thyroid function may, in turn, be associated with a worse cardiovascular risk factor profile, potentially leading to progression of atherosclerosis. 19 Therefore, further studies are warranted to investigate the mechanism through which PTCSC3 is involved in the susceptibility for LAA. In a previous GWAS conducted in Caucasians, the SNP rs11984041, which had the strongest significance (ie, the lowest P values) for LAA stroke, was shown to be located in the final intron of the HDAC9 gene. 10 Because this SNP (rs11984041) is not polymorphic in the Han Chinese population, an additional study investigated other potential SNPs associated with HDAC9 in Han Chinese individuals. 20 This previous report showed that there are 2 SNPs, located in the different intron of HDAC9 (ie, not in LD with rs11984041), which may be associated with LAA in Han Chinese individuals. 20 However, the P values of these SNPs (rs2389995 and rs2240419) did not reach the first criterion (P<5910 À5 ) in the discovery stage of our GWAS. In the present study, 2 novel suggestive SNPs (rs2074633 and rs28688791) represent a different, more significant locus in the HDAC9 gene (ie, in LD with rs11984041) in Han Chinese individuals. The SNPs (rs28688791 and rs2074633) at chromosome 7p21 were associated with LAA in the discovery phase (P<5910 À5 ; Figure 2 ), and their P values in the joint analysis were close to reaching GWAS significance (rs28688791, P=3. Table 3 ). The SNP rs2074633 was located in the 3 0 -untranslated region (UTR) exon of HDAC9, and the SNP rs28688791 was located downstream of the HDAC9 locus and in the 3 0 UTR of TWIST1
(encoding twist family bHLH transcription factor 1; Figure 3B ) locus. Interestingly, a difference in the locations of the SNPs (rs28688791 and rs2074633) identified in Han Chinese and the SNP (rs11984041) identified in Caucasians implies multiple regulation pathways in expression of HDAC9 gene in LAA stroke.
Study Limitations
This was a case-control GWAS conducted in a Han Chinese population residing in Taiwan for LAA stroke, a subphenotype of ischemia stroke differentiated based on TOAST criteria. Although the findings identified a novel locus, PTCSC3, associated with LAA stroke and provide insight into the pathogenic mechanism for LAA stroke, the interpretation of the results of this study require caution owing to the limited number of ethnic groups considered. Future investigations of LAA stroke in other populations from Asia will be critical to clarify whether these newly identified genetic variants for LAA stroke are shared in other populations. Although the SNPs with genome-wide significance could be identified based on the combined analysis, there was still an incomplete validation of these SNPs in an independent cohort, which may be one of the study limitation in the present study. Therefore, further validation studies are needed to warrant our findings. 
Conclusions
In the present study, we identified novel associations between LAA stroke and polymorphisms in the PTCSC3 gene based on 5 SNPs with GWAS-significant P values. Because the PTCSC3 gene also contains a risk locus correlated with PTC, our data provide strong support for future studies of the association between LAA and PTC. In addition, compared to previous SNP studies in Han Chinese individuals, here, we observed 2 SNPs with more-significant P values located in the HDAC9 locus, which was in close proximity to the most significant SNP identified by GWAS in Caucasian individuals. These results support the notion that genetic predisposition to LAA may vary by ethnicity. In conclusion, our study revealed that the PTCSC3 signaling pathway may be involved in the pathogenesis of LAA stroke and that PTCSC3 may potentially serve as a therapeutic target for stroke prevention.
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